Abstract Melanization is an innate immune response in arthropods that encapsulates and kills invading pathogens. One of its rate-limiting steps is the activation of prophenoloxidase (PPO), which is controlled by an extracellular proteinase cascade and serpin inhibitors. The molecular composition of this system is largely unknown in mosquitoes with the exception of serpin-2 (SRPN2), which was previously identified as a key negative regulator of melanization. Using reverse genetic and biochemical techniques, we identified the Anopheles gambiae clip-serine proteinase CLIPB9 as a PPO-activating proteinase, which is inhibited by SRPN2. Double knockdown of SRPN2 and CLIPB9 reversed the pleiotrophic phenotype induced by SRPN2 silencing. This study identifies the first inhibitory serpin-serine proteinase pair in mosquitoes and defines a regulatory unit of melanization. Additionally, the interaction of CLIPB9 and SRPN2 affects the life span of adult female mosquitoes and therefore constitutes a welldefined potential molecular target for novel late-life acting insecticides.
Introduction
Vector-borne diseases, especially malaria, continue to be a major public health threat worldwide. In the absence of an effective vaccine, malaria control continues to mainly rely on vector control as a prevention strategy and, to a lesser extent, on drug treatment of the infected human population. Besides political and social challenges, the two currently used forms of vector control, insecticide-treated nets and indoor-residual spraying, face the technical challenge of insecticide resistance [1] . Metabolic and/or target-site resistance against all four classes of insecticides have been reported in mosquitoes. Besides resistance management that include rotations or mosaics of insecticides and improved insecticide resistance surveillance systems [2, 3] , the use of novel insecticides specifically targeting old mosquitoes has recently been proposed [4] . In an ideal setting, so-called late-life acting (LLA) insecticides would kill infective females late in their reproductive cycle, thus providing minimized selective pressure on insecticide resistance. Existing biopesticides such as entomopathogenic fungi [5] show potential as LLA insecticides; however, employment of large-scale screens to identify new targets is hampered by lengthy bioassays to determine late-life killing. A potential known physiological target is the serine proteinase inhibitor, serpin (SRPN)2, from the African malaria mosquito, Anopheles gambiae. SRPN2 inhibits melanization, and its depletion from adult hemolymph shortens the life span of adult female mosquitoes significantly [6] . Our working hypothesis is that an insecticide that either depletes or inhibits SRPN2 would kill mosquitoes late in life prior to parasite transmission, minimizing the selection pressure for resistance.
Melanization is a prominent innate immune response in arthropods that encapsulates and kills invading microorganisms or pathogens. Biochemical studies in large insects, such as Bombyx mori, Manduca sexta, and Tenebrio molitor, and genetic analyses in Drosophila melanogaster have led to the current model of the melanization reaction [7] [8] [9] [10] . Soluble pattern recognition proteins initially recognize nonself-molecular patterns. This interaction activates a clip-domain serine proteinase cascade, culminating in the activation of prophenoloxidase (PPO)-activating proteinase (PAP), also known as PPO-activating enzyme. Activated PAP directly converts inactive PPO to PO, which hydroxylates monophenols to catechols and oxidizes catechols to quinones. These in turn then polymerize to eumelanin [11] . PO activation is strictly controlled, presumably because overproduction of reactive semi-quinones and other toxic byproducts such as superoxide anion and/or other reactive oxygen species could be harmful to the insect. Additionally, the melanization response uses large quantities of aromatic amino acids, which could lead to tradeoffs with other life history traits, including longevity.
An orthologous group of the serpin superfamily of proteinase inhibitors has been identified to negatively regulate the PPO activation cascade in different insect species, including mosquitoes. This group includes serpin-3 from M. sexta [12] , Spn27A from D. melanogaster [13, 14] , and the aforementioned SRPN2 from An. gambiae [6] and Aedes agypti [15] . Serpins usually contain *400 amino acid residues with an exposed reactive center loop (RCL) located at 30-40 residues from the carboxyl terminus. They function as suicide-substrate inhibitors by forming SDS-stable, covalent complexes with target proteinases after the cleavage of a scissile bond (designated P1-P1 0 ) in the RCL [16] .
Based on our previous work, we hypothesized that SRPN2 regulates the final step in PO activation by directly inhibiting one or more PAPs [17] . However, the identity of this target clip-domain serine proteinase in An. gambiae or any PAP in dipteran insects is unknown. Clip-domain serine proteinases implicated in PPO activation are synthesized as zymogens and share common structural features including one or two amino-terminal clip domains and a carboxyl-terminal serine proteinase catalytic domain [7] . The An. gambiae genome encodes 31 putative functional clip-domain serine proteinases (CLIPBs) [18] . Five of these, CLIPB3, 4, 8, 14, and 17, have been identified to affect parasite and/or bead melanization using reverse genetic methods [19] [20] [21] . It is possible that these proteinases are part of the PPO activation cascade; however, their precise contribution to melanization is unknown.
The overall aim of the current study was to identify and analyze a target proteinase of SRPN2 and to evaluate whether their interaction regulates melanization in vitro and in vivo. Using phylogenetic analysis of the CLIP protein family, we identify a potential candidate proteinase, biochemically characterize it, and describe its inhibition by SRPN2. Additionally, we show that this proteinase promotes melanization in vitro and can cleave PPO, leading to activation of the enzyme. Using reverse genetic approaches, we provide strong evidence that this serpin-proteinase pair is a key regulatory unit of melanization in An. gambiae in vivo.
Materials and methods

Insect rearing
The An. gambiae G3 strain was reared at 27°C and 80% humidity using a 12:12 light:dark cycle. After hatching, larvae were fed on baker's yeast (Active Dry Yeast, Red Star) for 48 h and subsequently on fish food (TetraMin Ò Tropical Flakes, Tetra) and baker's yeast. Adult mosquitoes were provided with sugar solution (8% fructose supplemented with 2.5 mM PABA; SIGMA) ad libitum. Heparinized horse blood (PlasVac) was used as a blood meal source and provided with an artificial glass feeder system (KSU, Chemistry Department) using stretched parafilm as the membrane.
Phylogenetic analysis of clip-serine proteinases
To identify An. gambiae serine proteinases that are related to known melanization factors, we aligned the catalytic domain sequences of all annotated, putatively active clipdomain serine proteinases from the genomes of An. gambiae, Aedes aegypti, Culex quinquefasciatus, Tribolium castaneum, D. melanogaster, and M. sexta; these were automatically aligned using the online version of MUSCLE (available at http://www.ebi.ac.uk/Tools/muscle/index. html) using default parameters [22, 23] . We examined and manually adjusted the alignment in JalView 2.5 [24, 25] . Columns, where we had low confidence that all residues in the column were related by point substitution events and any columns containing gaps were removed.
We used this alignment for all subsequent phylogenetic analyses (Fig. S1) .
ProtTest version 1.4 [26] was used to identify the bestfitting amino acid substitution model for the multiple sequence alignment. The guide tree was estimated using BioNJ, using the ''Slow'' search strategy mode, for those substitution matrices that are available in both PhyML and RAxML (JTT, MtREV, MtMam, Dayhoff, WAG, RtREV, CpREV, Blosum62, VT), using either no correction for between-site rate heterogeneity or an approximation to the gamma-distribution to model between-site heterogeneity using four different discrete rate categories (these models are described as ''?G''). The WAG?G model was the optimal model under all possible orderings of the result of this ProtTest analysis.
RAxML version 7.0.4 [27] with the WAG?G model was used to (1) estimate the maximum likelihood (ML) tree for the alignment; (2) build ML trees estimated from 100 non-parametrically bootstrapped alignments based on the initial alignment; and (3) to calculate the frequency with which the split in the ML tree estimated from the initial alignment was found in the 100 non-parametrically bootstrapped ML trees. The resulting phylogeny was examined using FigTree version 1. 
Recombinant CLIP9 production
To biochemically characterize An. gambiae CLIPB9, we produced recombinant protein using the baculovirus system. The complete coding region of proCLIPB9 was amplified by PCR from cDNA of 2-day-old female G3 mosquitoes using gene-specific primers (Table S1 ). The forward primer included a NotI site, and the reverse primer contained six codons for histidine residues followed by a stop codon and a HindIII site. The PCR product was digested with NotI and HindIII and then inserted into the same restriction sites in the vector pFastBac1 (Invitrogen). The resulting plasmid was used as a template to produce mutant proCLIPB9 (proCLIPB9 Xa ) plasmid according to the instructions of QuickChange Ò Multi Site-Directed Mutagenesis Kit (Stratagene). In proCLIPB9 Xa , the activation site IGMR 121 was replaced with IEGR 121 to allow the cleavage and activation by factor Xa. The mutation was confirmed by sequencing, and the plasmid was used to generate a recombinant baculovirus according to the manufacturer's instructions (Invitrogen). To express pro-CLIPB9 Xa , Sf9 cells (2 9 10 6 cells/ml) in 1 l of Sf-900 II serum-free medium (Invitrogen) were infected with the recombinant baculovirus at multiplicity of infection of 1 and were incubated at 28°C with shaking at 150 rpm. The culture was harvested at 72 h post infection, and cells were removed by centrifugation at 5,0009g for 20 min at 4°C.
The cell-free medium was mixed with 20 ml of Concanavalin A (ConA) Sepharose 4B resin (Amersham Biosciences) that had been equilibrated with buffer 1 (20 mM Tris-HCl, 0.5 M NaCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 1 mM MnCl 2 , pH 7.5). After rotating overnight at 4°C, the mixture was packed into a column (2.0-cm i.d. 9 6 cm) by gravity. Following a washing step with buffer 1 until A 280 was lower than 0.002, bound proteins were eluted with buffer 2 (20 mM Tris-HCl, 0.5 mM NaCl, 0.5 mM methyl-a-D-mannopyranoside, pH 7.5). The eluted factions were pooled and dialyzed against buffer 3 (50 mM Na 2 HPO 4 , 300 mM NaCl, pH 8.0; 2 l each time for 8 h, twice). The dialyzed sample was collected and supplemented with imidazole at a final concentration of 10 mM, and then purified by Ni-NTA agarose chromatography as described previously [28] . The eluted fractions containing recombinant proCLIPB10 Xa were pooled and dialyzed against buffer 4 (20 mM Tris-HCl, 100 mM NaCl, pH 8.0). The dialyzed sample was collected and stored at -80°C.
Activation of recombinant proCLIPB9 Xa
To activate proCLIPB9 Xa , 5 lg of purified zymogen was incubated with 2 lg of commercial bovine factor Xa (New England Biolabs) in a total reaction volume of 110 ll (20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 2 mM CaCl 2 ) at 37°C for 6 h. Cleavage of the zymogen was determined by Western blot using 1.1 ll of the reaction.
Amidase activity of recombinant CLIPB9 Xa
To measure proteinase function of CLIPB9, amidase activity was measured by incubating 3.3 ll of CLIPB9 Xa with 200 ll of 50 lM acetyl-Ile-Glu-Ala-Arg-p-nitroanilide (IEARpNa) in 0.1 M Tris-HCl, pH 8.0, 0.1 M NaCl, 5 mM CaCl 2 and monitoring changes in absorbance at 405 nm in a microplate reader (Bio-Tek Instrument, Inc.). One unit of amidase activity was defined as DA 405 /min = 0.001.
Recombinant SRPN2 production
A cDNA fragment encoding the full-length mature SRPN2 was amplified using the gene-specific primers listed in Table S1 . The forward primer included an NcoI site, which provided the start codon, followed by six codons for histidine residues. The reverse primer contained a HindIII restriction site at the 3 0 end of stop codon. The PCR product was digested with NcoI and HindIII, and then inserted into the same restriction sites in the expression vector pET-28a (Novagen). The resulting plasmid was used to transform E. coli BL21(DE3) strain. For recombinant protein expression, these bacteria were grown at 37°C in LB medium containing 50 lg/ml of kanamycin. When the culture reached A 600 = 1.0, isopropyl b-D-thiogalactoside was added to a final concentration of 0.1 mM, and recombinant protein was expressed for 11 h at 25°C and 150 rpm. The bacteria were harvested by centrifugation and resuspended in lysis buffer (50 mM sodium phosphate, 300 mM NaCl, 10 mM imidazole, pH 8.0). Cells were lysed by sonication, and a cleared lysate was obtained by centrifugation. The soluble SRPN2 in the supernatant was purified by nickel-nitrilotriacetic acid (NTA) agarose chromatography according to Jiang et al. [28] . Subsequently, the purified protein was dialyzed against 20 mM Tris-HCl and 20 mM NaCl, pH 8.3, and applied to a preequilibrated Q-Sepharose TM Fast Flow column (1.0-cm i.d. 9 4 cm). After washing the column with 20 mM Tris-HCl, pH 8.3, until A 280 was lower than 0.002, proteins were eluted at 1.0 ml/min with a linear gradient of 0-500 mM NaCl in 20 mM Tris-HCl, pH 8.3 for 50 min. Fractions containing recombinant protein were pooled and stored at -80°C.
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analyses
Protein samples were treated with 69 SDS sample buffer containing b-mercaptoethanol at 95°C for 5 min and then separated by 10% SDS-PAGE. Gels were stained with EZ-Run Protein Gel Staining Solution (Fisher Scientific). For immunoblot analysis, proteins were transferred onto a PVDF membrane and subjected to immunoblotting using mouse anti-His (1:2,000, GenScript), rabbit anti-M. sexta PPO (1:2,000, [29] ), or rabbit anti-SRPN2 (1:2,000, [6] ) as primary antibodies. Goat anti-mouse and anti-rabbit IgG HRP-conjugated secondary antibodies (Promega) were used at a 1:20,000 dilution. Antibody binding was visualized by Western Lightning Chemiluminescence Reagent Plus Kit (Perkin Elmer).
Detection of CLIPB9-SRPN2 complexes by Western blot and mass spectrometry (MS)
To detect the formation of SRPN2-CLIPB9 complex in vitro, recombinant proCLIPB9 Xa was activated by factor Xa as described above and mixed with purified SRPN2 at a molar ratio of 1:10. After incubation at room temperature for 10 min, the reaction mixtures were subjected to 10% SDS-PAGE and Western blot analysis, loading the following amounts: 7 ng of factor Xa, 20 ng of CLIPB9 Xa , and 150 ng of SRPN2. Bands of interest were subjected to trypsin digestion and 1D NanoLC ESI MS/MS analysis [30] . To detect the formation of serpin-proteinase complex in vivo, hemolymph was collected into PBS by proboscisclipping from 25 2-day-old female adult An. gambiae and mixed with 50 ng of recombinant CLIPB9 Xa . After incubation at 37°C for 10 min, samples were subjected to SDS-PAGE and Western blot analysis.
Inhibition of CLIPB9 Xa activity by SRPN2
To directly measure the inhibitory potential of SRPN2 on CLIPB9 function, we incubated 120 ng of CLIPB9 Xa with recombinant SRPN2 at different molar ratios. In control reactions, the same amount of factor Xa used to activate proCLIPB10 Xa was substituted for active CLIPB10 Xa . After incubation at room temperature for 10 min, residual amidase activity was measured as described above. Amidase activity of CLIPB9 Xa was defined as the activity of CLIPB9 Xa minus the activity of factor Xa alone. The second-order association rate constant (k a ) of interactions between SRPN2 and CLIPB9 was determined according to Schick et al. [31] .
PPO activation assays
To measure the ability of recombinant CLIPB9 to activate PPO in vitro, 50 ng of proCLIPB9 Xa or CLIPB9 Xa was incubated with 1 ll of 1:10 diluted prescreened plasma from day-2 fifth instar M. sexta larvae. Alternatively, 250 ng of proCLIPB9 Xa or CLIPB9 Xa was incubated with 40 ng of purified PPO (kindly provided by M. Gorman, Kansas State University). Samples were subjected to SDS-PAGE and Western blot analysis using antibodies against M. sexta PPO. To determine PO activity, 500 ng of recombinant proCLIPB9 Xa or CLIPB9 Xa were mixed with 3 ll of plasma. Additionally, 250 ng of recombinant pro-CLIPB9 Xa or CLIPB9 Xa was mixed with 1 lg of purified M. sexta PPO. After incubation at either at room temperature for 20 min (plasma) or 37°C for 30 min (purified PPO), PO activity in the reaction mixtures was measured using dopamine as a substrate [30] . Double-stranded RNA (dsRNA) production SRPN2, CLIPB9, and GFP dsRNA were synthesized and injected as described previously [6, 21] . Primer pairs for template amplification are listed in Table S1 .
Phenotypic analyses
To determine if CLIPB9 and SRPN2 interact, in vivo reverse genetic analyses were performed. Adult female G3 mosquitoes were injected with dsRNA within 48 h of eclosion and fed on sugar solution ad libitum throughout the experiments. To assess survival curves 30 mosquitoes were injected according to Blandin et al. [32] for each experimental group, and their survival was assessed every 24 h for 14 days. Assays were performed in four independent biological repeats. Differences in survival curves were assessed by rank log test and differences in survival proportions on specific days by paired Student's t test, independently for each data set and in the combined data set (Fig. S3) . To assess differences in melanotic psuedotumor formation, abdominal wall preparations were made 12 days post-injection according to [6] . Abdomens were examined at 409 magnification with Axio Imager A1 microscope (Zeiss) and photographed with an AxioCam MRc5 camera (Zeiss). Images were analyzed for size and number of tumors in each abdomen using ImageJ software (NIH). Differences in total melanotic area were assessed by the Mann-Whitney U test and the Kolmogorov-Smirnov (KS) test. The KS method was used as a normality test, employing the Dallal and Wilkinson approximation to Lilliefors' method to compute the P value. All statistical anlyses were performed using GraphPad Prism software (GraphPad Software, Inc.).
Results
Phylogenetic analysis of active CLIP serine proteinases
In order to identify putative candidate proteinases that could function as PAPs in An. gambiae, we initially performed a phylogenetic analysis of CLIP serine proteinases. However, while the estimated phylogeny contained some well-supported clans [33] , many of the clans have low support (Fig. S2) . One clan groups An. gambiae CLIPB9 and CLIPB10 with M. sexta PAP1 to the exclusion of other An. gambiae and M. sexta sequences. This clan also included Ae. aegypti IMP_2 and D. melanogaster CG3066, which, together with PAP1, are known to function in melanization [10, 15] . However this clan had only very low bootstrap support. A similar grouping, with low, but unspecified, bootstrap support, is found in Zou et al. [15] . Support values did not show any major improvements when the analysis was repeated using more alignment columns (approximately 50% more than used in the analysis described here).
Additional analyses using another ML phylogeny estimation tool, PhyML [34] , and using Bayesian analysis of phylogeny as implemented by MrBayes [35] yielded similar results to the RAxML analysis.
Production and activation of recombinant proCLIPB9 Xa
In order to investigate whether An. gambiae CLIPB9 has the ability to function as a PAP, we produced active proteinase in vitro. As the protein is expressed as a zymogen (proCLIPB9) and its endogenous activating enzyme is unknown, we prepared a recombinant form of proCLIPB9 (proCLIPB9 Xa ), mutated to permit its activation by commercially available bovine factor Xa. SDS-PAGE analysis of purified proCLIPB9 Xa suggests that the recombinant protein has a mass of *56 kDa, approximately 14 kD larger than predicted based on its sequence (Fig. S3) . The increased mass is likely due to glycosylation, as the protein sequence contains three predicted N-linked glycosylation sites, and recombinant proCLIPB9 Xa can be purified using Concanavalin A resin.
Incubation of proCLIPB9 Xa with factor Xa resulted in decreased intensity of the 56-kDa zymogen band and appearance of a 35-kDa band corresponding to the catalytic domain (Fig. 1a) , as expected for activation cleavage. We tested several artificial peptides as putative substrates for CLIPB9 proteinase activity (Table S2 ). Activation of pro-CLIPB9 Xa by factor Xa resulted in a significant increase in activity as measured by cleavage of the artificial IEARpNA (Fig. 1b) .
CLIPB9 is directly inhibited by An. gambiae SRPN2
A characteristic feature of serpin inhibition is the formation of an SDS-stable complex of the serpin and its cognate proteinase [16] . In a first step to determine if CLIPB9 can be directly inhibited by SRPN2, we tested if these two proteins form such complexes in vitro. We mixed purified recombinant SRPN2 with CLIPB9 Xa and detected the appearance of a high molecular weight complex by Western blot, using anti-His or anti-SRPN2 antibodies (Fig. 2a) . In the absence of active CLIPB9 Xa , anti-His antibodies recognized the 56-kDa CLIPB9 Xa zymogen and 43-kDa recombinant SRPN2 (Fig. 2a, left panel) . When SRPN2 was mixed with active CLIPB9 Xa , no 34-kDa band corresponding to the CLIPB9 catalytic domain was A B Fig. 1 Activation of purified recombinant proCLIPB9 Xa by factor Xa. Activation of the proteinase zymogen was analyzed by Western blot using mouse anti-His antibodies (a) and spectrophotometric assay using IEARpNA as a substrate (b). The bars represent mean ± SD (n = 3). Statistically significant differences are indicated with different letters (one-way ANOVA followed by Newman-Keuls test, P \ 0.05). Circle, proCLIPB9 Xa zymogen; square, catalytic domain of proCLIPB9 Xa
Regulatory unit of mosquito melanization 1933 detected. However, a new immunoreactive band at *75 kDa (the expected mass of the SRPN2/CLIPB9 Xa complex) was observed, which was also recognized by anti-SRPN2 antibodies (Fig. 2a, right panel) . Analysis of tryptic peptides from the *75-kDa band by MS/MS identified SRPN2 and CLIPB9 (Table S3 ), confirming that SRPN2 forms a covalent complex with active CLIPB9 Xa .
To test if this complex can be formed in vivo, Anopheles hemolymph was mixed with recombinant CLIPB9 Xa and analyzed by Western blot. Anti-His antibodies detected a higher molecular weight band of *75 kDa in addition to the 34-kDa band corresponding to the CLIPB9 catalytic domain (Fig. 2b, left panel) . This band was also recognized by anti-SRPN2 antibodies (Fig. 2b, right panel) , indicating that native SRPN2 has the potential to form complexes with CLIPB9 in vivo. In the control reaction mixtures, anti-SRPN2 antibodies recognized a *45-kDa band corresponding to naive SRPN2 and a faint *72-kDa band, which likely represents native inhibitory complexes of SRPN2 with either CLIPB9 or other hemolymph proteinases.
To confirm that this complex formation indeed leads to the inhibition of CLIPB9, we tested SRPN2's ability to inhibit the IEARase activity of CLIPB9 Xa . CLIPB9 Xa activity decreased linearly as SRPN2 concentration increased (Fig. 2c) . The stoichiometry of inhibition was 1.3, indicating that under these experimental conditions SRPN2 almost exclusively acts as an inhibitor rather than a substrate of CLIPB9. The second order association rate constant (k a ) for the inhibition of CLIPB9 Xa by SRPN2 was 2.2 9 10 4 M -1 s -1 (Fig. 2d) , which is comparable to known inhibitory serpin-proteinase interactions [12] . SRPN2 did not inhibit factor Xa, as its amidase activity was unchanged by incubation with recombinant SRPN2 at different molar ratios (Fig. S4 ).
CLIPB9 Xa cleaves and activates M. sexta PPO in plasma and in vitro Biochemical analysis of the melanization cascade in mosquitoes is hindered by the limited amount of hemolymph that can be extracted from individual adult mosquitoes and the inability to produce functional recombinant PPO from any insect species [36] . To directly determine the putative function of CLIPB9 in PPO activation, we made use of the M. sexta model system [7] . PPO in the plasma of M. sexta is a heterodimer composed of 79-kDa PPO-p1 and 80-kDa PPO-p2 [37] . M. sexta plasma was incubated with factor Xa or proCLIPB9 Xa zymogen. In subsequent Western blot analysis anti-M. sexta PO antibody identified two bands corresponding to PPO zymogen heterodimer [37] , and no significant PO activity was detected (Fig. 3a, b) . After M. sexta plasma was incubated with CLIPB9 Xa , a 72-kDa doublet band corresponding to M. sexta PO was detected, and PO activity increased significantly (Fig. 3a, b) , indicating that active CLIPB9 Xa causes cleavage and activation of M. sexta PPO.
To explore whether PPO is a substrate of CLIPB9, we incubated CLIPB9 Xa with purified M. sexta PPO. As in Manduca plasma, Western blot analysis of purified PPO detected two bands with apparent molecular weight of 79 and 80 kDa. No change was observed after incubation with factor Xa or proCLIPB9 Xa zymogen (Fig. 3c) . However, when CLIPB9 Xa was incubated with purified PPO, a new double band of *72 kDa was observed, and PO activity of the mixture increased significantly (Fig. 3c, d) . Pre-incubation of SRPN2 and CLIPB9 Xa diminished the PO activity.
Taken together, these data show that CLIPB9 can act as a PAP in insect hemolymph and that this function is inhibited by SRPN2.
CLIPB9-knockdown (KD) partially reverts the SRPN2 depletion phenotype
Depletion of SRPN2 from the hemolymph of adult female An. gambiae mosquitoes causes a pleiotropic phenotype including reduced life span and spontaneous melanization as evidenced by the formation of melanotic pseudotumors ( [6] ; Fig. 4a ). To test the extent to which CLIPB9 contributes to this phenotype in adult female mosquitoes, we performed genetic epistasis analyses of this switch Bars represent mean ± 1 SD (n = 3); statistically significantly differences are indicated by different letters (one-way ANOVA followed by Newman-Keuls test, P \ 0.05) regulation pathway [38] . In the absence of gene-knockout techniques in An. gambiae, double-knockdown (dKD) experiments were used measuring pseudotumor formation and life span. Adult female An. gambiae were injected with dsRNAs targeting the CLIP serine proteinase, CLIPB9, SRPN2, and both CLIPB9 and SRPN2, respectively; injection of dsGFP was used as a control. Gene KD in all cases was significant and specific as determined by quantitative RT-PCR (Fig. S5A, B) . Reduction of CLIPB9 mRNA levels did not affect overall expression levels of SRPN2, and vice versa. Additionally, CLIPB9 silencing did not alter expression levels of other CLIP-serine proteinases, CLIPB3, CLIPB4, CLIPB8, CLIPB10, CLIPB14, and CLIPB17, which had previously been reported to affect melanization of malaria parasites or glass beads [10, [19] [20] [21] . We first evaluated the effect of CLIPB9 knockdown on melanization using the appearance of melanotic tumors as a read-out (Fig. 4) . Injection of dsGFP or dsCLIPB9 alone did cause melanization. In contrast, CLIPB9-KD in a SRPN2-depleted background significantly affected the SRPN2-KD melanization phenotype. Prevalence of melanotic tumors was decreased, and the average total melanotic area for each dissected mosquito abdomen was reduced four-fold (Mann-Whitney test, U = 206.5, P \ 0.0001; KS test, D = 0.6672, P \ 0.0001; Fig. 4a, b) . Non-parametric tests were employed as data sets, and even after transformation, they deviated from normal distribution (KS test; P \ 0.05).
When we compared the survival curves among the four different treatment groups, we observed significant differences (log rank test; df = 3, v 2 = 128.8, P \ 0.0001; Fig. 4c , D, and S6). As previously reported [6] , SRPN2 knockdown significantly shortened longevity as compared to the dsGFP-control treatment (P \ 0.0001). In contrast, CLIPB9 knockdown had no effect on lifespan as compared to the control (P \ 0.554). Importantly, dsCLIPB9/SRPN2 treatment substantially and significantly increased mosquito longevity as compared SRPN2-KD mosquitoes (P \ 0.0001), albeit not to levels of control treatment (P \ 0.0001). Likewise, the number of mosquitoes alive 14 days after dsRNA injection differed significantly among the four treatment groups (one-way ANOVA, df = 3, F = 54.7, R 2 = 0.9319, P \ 0.0001, with Tukey's multiple comparison test for pairwise analyses). While SRPN2-KD reduced the number of surviving mosquitoes by 75% (P \ 0.0001, the number of CLIPB9/SRPN2-treated mosquitoes was only 30% lower than the number of control mosquitoes (P \ 0.001).
Taken together, the silencing experiments strongly suggest that CLIPB9 is partially epistatic to SRPN2 and therefore either downstream of this serpin in the PPO activation cascade or required in a parallel pathway leading to activation of melanization. Intriguingly, we obtained The total melanotic area per abdomen (arbitrary unit) is significantly reduced in dsCLIPB9/dsSRPN2-treated compared to SRPN2-depleted mosquitoes (U test, P \ 0.0001). No melanotic tumors were observed in dsGFP or dsCLIPB9-treated mosquitoes; thus, they were excluded from the analysis. c CLIPB9-KD alone did not affect survival, but partially rescued the mortality effect induced by SRPN2-KD. The combined data set of four independent biological repeats is shown; for individual results, see Fig. S2 . Statistically significant differences between survival curves are indicated by letters (log rank test, df = 3, v 2 = 128.8, P \ 0.0001; pairwise comparisons: dsGFP vs.
14, P \ 0.0001). d Mean daily percent mortality rate from a above, calculated according to [5] similar results when analyzing survival instead of melanization, providing further evidence that excessive melanization can be harmful to the host.
Discussion
Melanization in An. gambiae can reduce or eliminate malaria parasite infections in allochthonous Plasmodium sp./An. gambiae combinations [6, 19, 39] . However this immune response is not elicited in autochthonous, coadapted parasite vector combinations, due to active evasion by the parasite [40] , and is rarely observed in the field [41] . Nevertheless, the melanization response is an important immune response against a variety of pathogens, and is likely to have large implications for a mosquito's survival and reproduction. If uncontrolled, e.g., by the depletion of the inhibitor SRPN2, melanization can kill adult females late in life, and thus potentially reduce the vectorial capacity of An. gambiae. This feature makes PPO activation, which is a rate-limiting step in melanin production, a target for malaria control strategies. Specifically, an inhibitor of SRPN2, which is a key negative regulator of PPO activation, can reduce female mosquito longevity. Potentially, it would kill adult female mosquitoes after reproduction but before parasite transmission and thus act as an LLA insecticide.
In a first step to develop An. gambiae SRPN2 into an insecticide target, this study aimed to describe the inhibitory target of this serpin. To narrow down the number of putative candidate proteinases, we initially performed a detailed phylogenetic analysis of all known An. gambiae CLIPs that contain a functional catalytic triad. One clan grouped An. gambiae CLIPB9 and CLIPB10 with several proteins known to function in melanization. Additionally, CLIPB9 was previously shown to promote bead melanization [21] and therefore was a good candidate for PAP function in An. gambiae.
We produced a recombinant proCLIPB9 mutant in a baculovirus expression system and obtained active CLIPB9 in vitro. CLIPB9 indeed cleaved purified M. sexta PPO, resulting in significant levels of PO activity. Therefore, CLIPB9 can function as the terminal proteinase in the PPO activation pathway. To our knowledge, this is the first bona fide PAP identified in a dipteran species. In An. gambiae at least eight PPOs are expressed and present in the hemolymph of adult female mosquitoes [42, 43] , of which seven share the same putative activation cleavage site as M. sexta PPO [18] . It is therefore possible that CLIPB9 acts as a PAP for the majority of PPOs in the An. gambiae hemolymph, which future experiments will have to validate.
The PAP function of CLIPB9 is inhibited by recombinant SRPN2 in vitro. The inhibitory complex formed at a rate comparable with those observed for other serpins acting on their physiological target proteinases [12] . The interaction of CLIPB9 and SRPN2 occurs in vivo, as reverse genetic analyses revealed that CLIPB9 is partially epistatic to SPRN2. Both aspects of the SRPN2-KD phenotype, melanotic tumor formation and decreased adult survival, are significantly reverted. However, this reversion is incomplete. A possible reason could be incomplete knockdown of CLIPB9, as its transcript levels in double-KD mosquitoes were reduced to roughly 40%, potentially allowing for residual CLIPB9 activity in these mosquitoes. An equally parsimonious explanation is that SRPN2 has other proteinase targets that contribute to its knockdown phenotype. Several lines of evidence support the second explanation: Firstly, arthropod as well as mammalian serpins commonly have several physiological proteinase targets. For example, serpin-3, the M. sexta ortholog of SRPN2, inhibits PAP-1 and PAP-3 [44] , and human antithrombin III inhibits thrombin, factor Xa and several other plasma proteinases (reviewed in [45] ). Secondly, in the An. gambiae genome, trypsin-like serine proteinases outnumber serpins by roughly 20:1. Thirdly, preliminary Western blot analysis of adult female An. gambiae hemolymph separated by 2D gel electrophoresis using anti-SRPN2 antibody highlighted several spots with higher molecular weight than the monomeric serpin. Based on our phylogenetic analysis and results in other mosquito species, putative candidates are CLIPB8 and CLIPB10. Experiments are underway to test for interaction of these proteinases with SRPN2.
The epigenetic relationship between CLIPB9 and SRPN2 also suggests that increased melanization and shortened life span have a causal relationship. Several cytotoxic byproducts, including semi-quinones and reactive oxygen intermediates (ROI) such as superoxide anion and hydroxyl radicals are produced during melanogenesis as a direct consequence of PO activity [11] . Presumably, the increase in systemic melanization caused by the SRPN2-KD leads to ROI levels that are cytotoxic and contribute to killing the mosquito. Future experiments determining hemolymph ROI concentrations will test this hypothesis.
In summary, this study identified the first regulatory unit controlling melanization in An. gambiae. It can modulate adult life expectancy, and its killing effect increases exponentially over time, killing mainly older mosquitoes. Its performance can be easily quantified using a convenient in vitro assay that is amendable to high-throughput screening of chemical libraries in order to identify small molecule inhibitors of SRPN2. Therefore, this unit potentially constitutes a well-defined target of novel LLA insecticides that aim to reduce older mosquito populations required for pathogen transmission.
